This study presents a computer programmable, thermodynamically consistent repre-. sentation of the second virial coefficient B, viscosity 1/, self-diffusion coefficient D, and isotopic thermal diffusion factor a o of the eleven gases: N 2 , °2, NO, CO, N 2 0, CO 2 , CH 4 , CF 4 , SF 6' C 2 H 4 , and C 2 H 6 , all at low density. Limited thermodynamic consistency is achieved by the use of four scaling parameters (0", c, Vir, p*) in addition to the molecular weight. In terms of these parameters, the collision integrals for the transport properties for the most important nonspherical influences; its dimensionless form B t (T) differs from that for the monatomic gases and also, somewhat, for each of the eleven gases, except that one form suffices for N 2 , °2, NO, CO. The correlations embrace the reduced temperatlirerange 1 < T* < 10withtheparametersuandE,and therangeT* > 10 with theparameters V~ and p* derived from high-energy beam experiments. The accuracy achieved is carefully specified, and the correlation can be used in a predictive mode.
Introduction
Powerful computers are becoming continuously more widespread in industry as indispensable tools of design analysis. Much of the analytic work connected with the design or optimization of processes has been taken over by complex computer codes. To be effective, such computer codes must be able to call on broad data ba~e~ that now replace the fa~t obsolescing thermodynamic tables. To safeguard reliable results for the designer, such data bases must produce accurate and reliable numerical information on a vast variety of pure substances and their mixtures, covering large ranges of conditions and composition. Furthermore, various subroutines fitted into a large code must assure thermodynamic consistency within each :>ubroulim: amI bt:lwt:t:n llilf't:rt:nl :>ubrou-tines. To achieve these desirable goals, it is necessary to make maximum use of theoretical principles. To make the programming of subroutines manageable, it is necessary to compress tile <lata banks into analytically expresseq algorithms. This paper contains our contribution to this effort for 11 molecular gases at low density.
Our previous contribution 1,2 provided a complete set of principles and numerical data for the construction of a data base encompassing the five noble gases and all of their multicomponent mixtures at low density. This simultaneous correlation of the equilibrium and transport properties of the very simple monatomic gases was successful because it was based on a combination of the extended principle of corresponding states due to Kestm, Ro, and Wakeham, 3 and a knowledge of the interatomic potentials 4 of the 31 binary interactions characteristic of the set. In its final form, 2 the correlation can be used in a predictive mode, because the application of proven theory has assured complete thermodynamic consistency between the different properties of a single system as well as between different systems included in the set. The theory consisted of the use of the Boltzmann equation and its solutions due to Chapman and Enskog, and to subsequent workers. 5 -8 Furthermore, it was possible to incorporate the low-and high-temperature asymptotic forms of the transport collision integrals and the integral for the second virial coefficient (the "functionals" of the solutions) . Independent values of the long-range London dispersion coefficients C 6 and Cg were obtained from a combination of quantum theory with dielectric and optical data, and independent values of the parameters describing the repulsive wall of the potential were obtained from a combination of theoretical calculations with measurements of high-energy beam scattering. It is natural to attempt to develop a similar synthesis for the more complex polyatomic gases. In taking this next step, we are fully aware of the fact that the previous and the current algorithms concern systems that are not the most important ones industrially, but we follow a more systematic route, limited only by accessible theory, and hope that these data will prove useful, albeit in a restricted field of applications. For the present study we have chosen 11 gases whose force fields are at least axially symmetric; they are the linear molecules N 2 , O 2 , NO, CO, N 2 0, CO 2 , the near-spherical molecules CH 4 , CF 4 , SF 6' and the near-linear molecules C 2 H 4 , C 2 H 6 • The present task is a more difficult one because (a) asymptotic forms of the propeny functionals are complex at low temperatures and are not available for use; (b) the body of experimental data is less extensive; (c) no wide-ranging principle of corresponding states is available, although a more restricted one will be introduced later;
( d) the kinetic-theory base available is severely restricted and essentially limited to the use ofthe Monchick-Mason type of conclusions about nonspherical effects on transport properties. 9 ,10 It follows from the preceding remarks that the present correlation must be a limited one. First, it will be restricted to the low-density calculation of viscosity 1], self-diffusion coefficient D, isotopic thermal diffusion factor a o , and second virial coefficient B. We recall that a knowledge of the second virial coefficient B (T) combined with that of the ideal-gas specific heat C: (T) or C; (T) is equivalent to a fundamental equation from which all thermodynamic equilibrium properties at low density can be calculated. Since the specific heats can be calculated from statistical thermodynamics, 11 we refrain from listing formulas for them. Second, the temperature range will be more restricted ( T * > 1, where T * = kT / E and E is the potential well-depth parameter) owing to the unavailability of low-temperature asymptotic forms of the property functionals. Third, we do not yet include the explicit effects of the internal degrees of freedom on the transport properties, and this rules out the calculation of thermal conductivity. Fourth, the resulting accuracy of prediction is a more modest one. Finally, we leave the treatments of mixtures and of quantum effects to future reports.
Methodology
It should be clear from the foregoing discussion that we must concentrate our efforts on taking into account the lack of spherical symmetry of the relevant intermolecular potentials, that is to include or somehow to bypass the effects of anisotropy of the long-range dispersion energy and of the short-range steric repulsion, the effects of permanent molec-ular dipoles, quadrupoles, and so on. The most significant step to accomplish this end is the omission of reduced temperatures less than T * = 1. There are two immediate reasons for this omission, and three important consequences thereof. The reasons are as follows:
( 1) Lack of asymptotic low-temperature forms for property functionals that can be determined independently, so that the range between T * = 0 and T * = 1 can be covered by interpolation rather than by extrapolation. In the case of transport coefficients the cause of this lack is the existence of several long-range contributions to the intermolecular potential whose effects on the low-temperature properties are neither clearly separable nor even individually calculable ( owing to the nonsphericity). The most important of these contributions are the ,-6 dispersion and dipole-induction energie~, the r-s quadnlpole-quadnlpole energy, the r-4 dipole-quadrupole energy, and the ,-3 dipole-dipole energy, all of which are orientatiori dependent. 12 In the case of second virial coefficients, the, cause of the lack is our ignorance about the detailed shape of the intermolecular potential around its minimum, which is the region that controls the low-temperature behavior.
(2) Lack of experimental information at luw temperatures that could be used to compensate for the above theoretical ignorance.
The important useful consequences of restricting the correlation to T * > 1 are as follows:
( 1) The transport coefficients are determined by only the repulsive branch of the intermolecular potential. 13 This branch is monotonic and rather featureless, so that a limited two-parameter principle of corresponding states can be formulated. That is, an effective average spherical potential can be represented by two scaling parameters a and E, which can be determined from viscosity data. Even though this repulsive branch depends on molecular orientation, the effect of this orientation dependence on the transport coefficients is indicated to be weak by model calculations. 9 ,10 Moreover, the resulting corresponding-states property functionals should be virtually the same as for the noble gases, except for the strongest polar gases. 13 (2) The effects of the orientation dependence of the potential on the second virial coefficients, although not negligible, can be calculated with the aid of existing theory, which gives the form of a high-temperature series expansion. Derivations and tabulations of auxiliary functions for this purpose have been given in a companion paper. 14 (3) The average effective repulsive wall of the potential, as found from application of a limited principle of corresponding states to viscosity data, can be extended to encompass higher temperatures with the help of data on the scattering of high-energy atomic and molecular beams. This allows us to make an extension of the property functionals to high temperatures with the same extended correspondingstate correlation as used for the noble gases.
Limited Principle of Corresponding States
The central idea that emerges from the foregoing methodology is thus to use viscosity data to determine the param-eters for a limited principle of corresponding states that is related to an effective spherical intermolecular potential. The resulting spherical-potential correlation can then be used to calculate self-diffusion coefficients and isotopic thermal diffusion factors, as well as a spherical contribution to the second virial coefficients Bo(T). To the latter must be added nonspherical contributions Bns (T), which can be calculated from known molecular parameters such as quadrupole moments and polarizability anisotropies. As will be demonstrated, this procedure works well for the transport coefficients; although not quite to the level of accuracy achieved with the noble gases, but less well for the second virial coefficients. In particular, the reduced function for Bo (T) is not quite the same for all the molecular gases considered; this is not too surprising, because the procedure we use concentrates all possible discrepancies, from whatever source, in this functional.
The specific procedure is to utilize the same principle of corresponding states for the transport coefficients of molecular gases as was used for the noble gases in the middle temperature range,
1<T*<10.
The same types of property functionals are used, and the same types of scaling parameters a and E. The material parameter C:, that, appeared in, the improved correspondingstates principle for the noble gases is not needed here, because we are omitting the cryogenic range (T * < 1). The parameters a and E are determined from experimental viscosity data, using the same viscosity functional n{2,2)* that was used for the noble gases. In the case of the noble gases the functional n (2,2)* uniquely determined the functional n{l,l)* for D and a o through an inversion procedure for the interatomic potential. 1,2,13 This inversion is not strictly possible in the case of the present molecular gases because we are dealing with only an effective spherical potential. The functional n{l,l)* for the noble gases is thus not necessarily expected to be suitable for molecular gases, although calculations with model anisotropic potentials 9 ,lo indicate that it should be a good approximation. In practice, only small deviations from accurate experimental results were found. A small adjustment was therefore applied to the noble-gas functional n (1,1)* to produce improved agreement; the adjustmentleavesn{1,l)* unchanged at T* = 10 and about 3% smaller at T * = 3. The functionals for other collision integrals needed to calculate D and a o (see Appendix C for formulas) make only small contributions to the final results and were therefore not adjusted. Thus the parameters a and E, determined from 1], directly predict D and a o with no explicit corrections for the effects of the nonsphericity of the potential.
The parameters a and E are also used to calculate an effective spherical contribution to the second virial coefficient. The corresponding reduced functional, B ~ ( T * ), has the same form as for the noble gases, but the nume(ical values of its coefficients differ, and indeed vary somewhat among the different molecular gases. The functionals B ~ ( T * ) were constructed by first calculating the nonspherical contributions to the second virial coefficient Bns (T) by means of the method and tabulations of auxiliary functions given in Ref. 14. This method is based on an existing theory in which anisotropic contributions are added to an effective spherical potential, and the nonspherical contributions Bns (n calculated as a high-temperature series expansion; the parameters needed for this calculation are given in Appendix A. The results are insensitive to the specific form of the effective spherical potential, but depend on its scaling parameters u and E.14 By subtraction of calculated Bns (T) from experimental B ( T), and reduction with u and E, the functionals B t ( T *) were obtained. They were not quite universal, but were somewhat different for each new molecular gas considered, nor were we able to achieve universality by adjustment of u, E, and the viscosity functional n{2,2)·. This is depicted in Fig. 1 , which illustrates the fact that one functional covers the four gases: N:z, °2, NO, and CO, which is different from those for CH 4 , CF 4 , and SF 6' The curves for the remaining four gases of this set (N 2 0, CO 2 , C 2 H 4 , and ~H6) are shown in Fig. 2 . Notice that all the curves join together at T* = 10. It is somewhat disappointing that one functional B t ( T *) does not suffice for all gases, but it is not especially surprising in view of the fact that the theoretical treatment of the effects of nonspherical potentials on both transport properties and second virial coefficients is still in a rudimentary state.
In the high-temperature range,
all the properties are dominated by an effective spherical repulsive potential, which can be represented by the form,
where Vo and p are parameters deduced from high-energy beam scattering experiments. Two additional dimensionless material parameters are thereby introduced into the correlation,
These parameters are used ill the saIne high-telllpel-ature functionals as those for the noble gases. The functionals from ., 
the middle temperature range are joined smoothly (continuous through second derivatives) to these high-temperature functionals at T* = 10. The effect of different values of V~ and p" on the functional B ~ ( T") can be seen in Fig. 1 .
In summary, the correlation of the transport coefficients Tj, D, and a o , and of the spherical contributions to the second virial coefficients Bo, requires only the scaling parameters (J', E, Vt, andp*, in addition to the molecular weights. Other parameters are needed only for the calculation of the nonspherical contributions to the second virial coefficients.
It is important to stress that the present correlation can still operate in a predictive mode, in spite of the fact that the functional B t ( T *) is not universal, and that the accuracy is somewhat less than for the noble gases. The three main types of prediction are as follows:
( 1) The viscosity is predicted over a much wider temperature range than that for which direct measurements exist, including the high-temperature range made accessible by beam measurements. Only limited viscosity data are needed to fix the values of the parameters u and E.
(2) The transport coefficients D and ao are predicted over a similar wide temperature range on the basis oflimited viscosity measurements. No direct measurements of either 1J or a o are required.
(3) Second virial coefficients are predicted over a much wider range than that for which direct measurements exist, including the high-temperature range. Only limited data on B(T) are needed to determine which reduced Bt(T*) curve should be used.
Parameters and Functionals
Parameters are given in Appendix A, the functionals n (2,2)· , n (1,1)· , and B t in Appendix B, and the general formulas for their use in Appendix C. The parameters a and E/k were determined, as already mentioned, by fitting accurate viscosity data to the same functional 0(2,2)* as used for the noble gases,I,2 in the range 1 < T * < lO with Ar beams show N2 and CO to be virtually identical in this region. The CO 2 potential was built up by assuming the central C atom to behave like an N atom; the results are insensitive to this assumption because the central atom in a linear triatomic molecule contributes very little to the overall effective molecule-molecule potential. 25 The CH 4 potential was obtained via a combination rule from measurements on the Ar-CH4 system 26 and on the Ar-Ar system. 24 The CF 4 and SF 6 potentials were similarly obtained from measurements on the He-CF 4 system 27 and the He-SF 6 system. 28 No measurements were available from which reliable estimates of the short-range repulsive potentials for C 2 H 4 and C2H6 could be obtained and thus the present correlation does not extend above T * = 10 for these gases. Table A4 lists the material parameters needed for the calculation of the nonspherical contributions to the second virial coefficients.
Experimental Data
The experimental data considered in this work were contained in about 2500 references. These were based on one computer output supplied to us by the Purdue University Center for Information and Numerical Data Analysis and Synthesis (CINDAS) and another, provided by Project MI-DAS 29 of the University of Stuttgart operated under the direction of Professor K. Stephan with the cooperation of Dr. A. Laesecke No.3, 1987 scrutinized and reduced to 147 on which our correlations were ultimately based. The latter were read, critically evaluated, and divided into two classes called primary data (PD) and secondary data (SD).
The division into two classes was based on several objective and subjective criteria. These were: (a) a·subjective assessment of the reliability of the data, guided by an examination of internal consistency of error analysis and reproducibility; (b) the authors' statement of precision and accuracy; (C) a direct intercomparison of results trom ditlerent laboratories and of results obtained by different methods; and (d) an evaluation of the capability of the method used and of the theory of the instrument.
The primary data were exclusively used in the correlation codes to determine optimum functional forms and parameters. Secondary data served to assess the validity of the gross behavior determined by the codes. The references listed in the bibliography of Appendix E refer to both classes of papers, PD as well as SD.
Validation, Deviation Plots, and Accuracy
In contrast with Ref. 2 , the available experimental data of very high quality could not be subdivided into a set for correlation and a set for validation. For this reason, as already stated, validation with respect to secondary data could not be made very demanding. Appendix D contains 40 deviation plots (Figs. 4-43) . In cases where the volume of data allowed it, we prepared separate deviation plots for PD and SD. In such cases, the first plot illustrates the quality of the optimization scheme, and the second gives a gross idea about its general validity. In other cases, there were so few data that we composed them into a single deviation plot to serve both purposes.
In a number of cases the deviations appear to be systematic. It is imponant to note that this does not prevent the present correlation from operating in a predictive mode, especially in the form of extensions to higher temperatures, because of the utilization of the beam data and the theoretical requirement that the functionals merge at T* = 10.
The deviation plots have been used as a basis of an estimate of accuracy. In most cases, this was determined by the maximum deviation of 70% of the experimental points in the diagram which are closest to the correlation. In some cases the paucity or even absence of experimental data forced us to make subjective estimates by analogy.
The results of these interpretations are summarized in Table a . Estimates based on secondary data alone are distinguished by a superscript a, and those arrived at by analogy are marked by a superscript b.
Comparison with Calculations from
Imperial College gen, but limited the use of a principle of corresponding states to temperatures above 316 K. This enabled them to cover a wider range of temperatures in each case (110-2100 K for N2 and 110-2500 K for 02) and to achieve a generally smaller uncertainty of fit. However, the price paid for these two advantages consists in the fact that the possibility of employing the correlation in a predictive mode below 316 K has been lost; only interpolation can be made with assurance. The two analyses can thus be looked upon as complementing each other. The diagram of Fig. 3 plots the deviation of the correlation of Cole and Wakeham 30 from that in the present paper.
d ) The maximum difference is one of 1.0% for N2 and 0.5% for 02' On the whole, the two correlations can be said to agree very closely, except at the lowest temperatures where the correlation of Ref. 30 takes over from ours.
Rather similar remarks apply to a more recent correlation of the viscosities of CO 2 , CH 4 , and SF 6 by Maitland, Trengove, and Wakeham,31 who made no use of a principle of corresponding states. They achieved a better fit and were able to go to somewhat lower temperatures (T * < 1), but thereby gave up the use of the correlation in a predictive mode, so that the two analyses are again complementary.
Description of the Tables
The tables of numerical data are not meant to be exhaustive and have not been designed for linear interpolation. They are convenient extracts only, because the algorithm for each property can be programmed on a computer on the basis of the information supplied here. A more extensive tabulation would be prohibitive in its volume.
The eleven table~. one for each ga~, are identical in their structure and indicate values of B, 7] , D, and a o in 81 units. Below 0 °C, the temperatures are listed in kelvins, above that in degrees Celsius in conformity with the common practice prevailing at this time. a Values in parentheses are the powers of 10 by which the entries are to be multiplied. Chem. Soc. 90,3104 (1968) . See comments by F. P. Billingsley II and M. Krauss, J. Chem. Phys. 60, 2767 Phys. 60, (1974 
Tables
in whicha lo = In(Vt/IO) isthevalueofa = In Vo -In T* at the matching point of T * = 10. Equation (B2b) is identi-"cal to the corresponding expression of Ref. 2, but Eq. (B2a) has been adjusted slightly to be a better fit of the data near 300 K; it gives n(I,I)* about 3% smaller at T* = 3. where where the coefficients C j are given in Table B1 . (B2a) 
Appendix C: General Formulas Viscosity 7J
Isotopic Thermal Diffusion Factor ao
where P is the pressure, and Reference 1 (Table VII) (2, 2) .z. 
t . 13 . Deviation plot for the self-diffusion coefficient of oxygen, secondary data. 15 . Deviation plot for the viscosity of nitric oxide, primary and secondary data. 
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